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A rare-earth supply crisis has stimulated an intensive search for alternative permanent magnets. Alnico materials, alloys containing
Al, Ni, Co and Fe, are functional nanostructured alloys, which show great potential for replacing the best commercial Nd-based rare-
earth alloys for applications above 200 C. However, their coercivity is 2–3 below theoretical limits. The coercivity of alnico depends
on the nanostructure developed during spinodal decomposition. In this work, atom probe tomography, combined with advanced elec-
tron microcopy, indicate that the microstructure of alnico is sensitive to the introduction of alloying elements such as Ti and Cu, as well
as the crystallographic orientation of the parent phase with respect to the direction of the imposed magnetic ﬁeld during spinodal decom-
position. The alnico coercivity mechanism involves interplay of size, chemistry and possibly stress at interfaces. Control of these param-
eters should allow reduction of the spatial dimension of the FeCo-rich precipitates and the interaction between them, which should in
term increase the coercivity of alnico alloys.
Published by Elsevier Ltd. on behalf of Acta Materialia Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/3.0/).
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Neodymium-based permanent magnets (PMs) are
widely used for microphones, motors, wind generators
and hybrid-car traction drive motors [1,2]. However, in
order to be able to operate at temperatures above 180 C,
which are typical for most traction motors utilized in elec-
tric vehicles, these PMs require signiﬁcant additions of dys-
prosium (Dy). Driven by high costs, supply chain
disruptions and inadequate Dy resources, there has beenhttp://dx.doi.org/10.1016/j.actamat.2014.04.044
1359-6454/Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license (http://creativec
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E-mail address: linzhou@ameslab.gov (L. Zhou).signiﬁcant interest in ﬁnding alternatives to current
Nd-based PMs [1,2]. For demanding high-temperature
applications, such as traction motors [1], the temperature
performance of the magnetic alloy in terms of magnetization
in zero ﬁeld, referred to as the residual induction (Br), its
resistance to a demagnetizing ﬁeld, characterized by intrinsic
coercivity (Hci), and maximum energy (BHmax), set the
design parameters for devices which utilize the material.
Alnico, alloys of Fe with Al, Ni and Co, are among the
oldest manufactured functional nanostructured materials
and represent a possible near-term replacement for Nd-
based PMs, given their lower cost and nearly ﬂat tempera-
ture dependence of magnetic properties up to 400 C [1].ommons.org/licenses/by-nc-nd/3.0/).
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takes advantage of the spinodal decomposition of the alloy
into a magnetic Fe–Co-rich (a1) phase and an Al–Ni-rich
(a2) phase during cooling. Unlike most of the rare-earth-
based magnetic alloys, the development of alnico alloys
occurred prior to the advent of many modern analytical
tools. Much of the prior characterization work deﬁned
the general nanoscale features [8–14], but failed to identify
the detailed atomic-scale diﬀerences in the phase assem-
blages of the various grades of alnico alloys, and salient
features that gave rise to control of the magnetic proper-
ties. Current commercial alloys contain a number of minor
alloy additives and receive a complex heat treatment aris-
ing from ad hoc optimization over the years. For example,
thermal annealing is performed within the spinodal region
in the presence of a magnetic ﬁeld, and the resulting duplex
nanoscale structure of the a1 phase is elongated along the
applied ﬁeld direction [3]. The anisotropic growth of the
a1 phase gives rise to the anisotropic hysteretic response
to an applied magnetic ﬁeld characteristic of aligned
PMs. This eﬀect, termed shape anisotropy, is fairly weak
compared to magnetocrystalline anisotropy, which is
responsible for the higher BHmax observed in high-end
commercial rare-earth-based PMs [15]. In this paper, we
demonstrate how changes in chemistry and processing give
rise to distinctly diﬀerent nanoscale structures, which are
crucial for understanding diﬀerences in magnetic proper-
ties, especially remanence and coercivity. Insights provided
by modern computational tools provide potential optimi-
zation pathways to both chemistry and processing to bring
these alloys closer to their theoretical potential.
2. Experimental procedure
Using a suite of techniques with resolutions ranging
from the atomic to the micron scale, we have investigated
three commercial optimized alnico alloys, 5–7, 8 and 9,
supplied by Arnold Magnetic Technologies Corp (Table 1).
The highest Fe content alnico 5–7 has the highest Br (13.5
kG), but the lowest Hci (740Oe). The highest Co content
alnico 8 has the lowest Br (7.4 kG) and the highest Hci
(1900 Oe). Alnico 9 has the highest energy product of
10.5 MOe with Br (11.2 kG) andHci (1375 Oe) in between
the other two alloys (Table 1). Alnico 5–7 and 9 are grain-
aligned alloys with most grains aligned along the [001]
direction, produced by casting into a heated mold with a
chilled bottom plate (Fig. 1a and c). Alnico 8 (Fig. 1b) is
crystallographically isotropic and produced by castingTable 1
Commercial alnico alloy composition.
Composition (wt.%) Br Hci
Samples Fe Co Ni Al Cu Nb Ti (kG) (Oe)
5–7 49.9 24.3 14.0 8.2 2.3 1.0 0.0 13.5 740
8 30.0 40.1 13.0 7.1 3.0 0.0 6.5 7.4 1900
9 35.5 35.4 13.1 7.0 3.2 0.5 5.0 11.2 1375without any imposed temperature gradient. The cast alloys
are heat-treated at about 1250 C to fully solutionize the
alloy, then air-cooled to 800 C. Alnico 5–7 and 9 are iso-
thermally annealed at 800 C with an applied magnetic
ﬁeld along their casting direction, whereas the ﬁeld was
applied along the cylinder axis for alnico 8. Depending
on the magnet grade, the alloys undergo an extended
“draw” cycle with slow cooling and holding at tempera-
tures of 640 C.
Atom probe tomography (APT) was performed with a
LEAP 4000X HR in voltage-pulsed mode on samples pre-
pared using a FEI Nova 200 dual-beam focused ion beam
(FIB) system. Samples were extracted from interior of
grains (polished transverse sections) by a standard lift-out
technique [16] so as to provide multiple interphase inter-
faces along the sample axis. Samples of the appropriate ori-
entation were ﬁrst located on the polished transverse
sections using electron backscattered diﬀraction imaging,
also known as OIM, with an EDAX GENESIS system
on an Amray 1845 ﬁeld emission scanning electron micro-
scope. Two or three samples were characterized for each
composition.
Transmission electron microscopy (TEM) analysis was
performed on transverse (observation along the magnetic
ﬁeld direction during annealing) as well as longitudinal
(observation perpendicular to the magnetic ﬁeld direction
during annealing) orientations. TEM samples with a
1 mm long and 1 lm wide electron-transparent region were
prepared by mechanical wedge-polishing followed by a
short duration, low-voltage Ar ion-milling in a liquid-
nitrogen cold stage. An FEI Titan G2 80-200 scanning
transmission electron microscope with Cs probe corrector
and ChemiSTEMTM technology, and an FEI Tecnai F20
(200 kV, ﬁeld emission gun) with a Lorentz lens and bip-
rism were used for microstructural characterization. Lor-
entz microscopy is a widely used TEM technique for
direct observation of magnetic domain structure with high
spatial resolution [17]. Domains are revealed as lines of
light and dark contrast as a result of deﬂection of the elec-
tron beam by a magnetic ﬁeld inside the TEM sample [17].
Electron holography is a unique nanoscale phase-imaging
TEM technique for acquiring electrostatic and magnetic
ﬁeld information. Quantitative ﬁeld measurements can be
achieved by relating the relative phase shift of the electron
wave that has passed through the TEM sample with that of
a wave which has passed through a vacuum. In-plane mag-
netic induction maps of the material can be extracted
[18,19].
3. Results
3.1. Microstructure overview
The morphology of these three alloys can be observed
by orientation imaging microscopy (OIM), as OIM images
reveal both grain size and orientation. Inverse [001] pole
ﬁgure maps of alnico 5–7, 8 and 9 along their transverse
Fig. 1. Inverse [001] pole ﬁgures of the transverse section of alnico 5–7, 8 and 9.
Fig. 2. Isoconcentration surfaces: (a) 40% Fe, (b) 25% Fe and 20% Cu, (c)
30% Fe and 20% Cu, and atom maps (red dots, Ni atoms; green dots, Ti
atoms; orange dots, Cu atoms) of alnico 5–7 (a), 8 (b) and 9 (c) showing
the location of the Cu-enriched rods at the corners of the FeCo phase in
alnico 8 and 9 and the interconnection morphology of the microstructure.
The red NiAl region in (a) is contiguous. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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high degree of grain alignment, with alnico 5–7 having
slightly larger grains with better alignment along the
[001] crystallographic orientation, and more uniform grain
orientation. In contrast, alnico 8 shows randomly oriented
grains with a grain size of 170 lm (Fig. 1b). At a higher
spatial resolution, the morphology of the intragrain micro-
structure becomes apparent (Fig. 3a, d, g). The coloniesof < 100 > domains observed indicate a coherent two-
phased nanostructure, typical of spinodal decomposition
[20]. In order to optimize the processing, which gives rise
to the closely aligned two-phase nanostructure, a clear
understanding of the chemical partitioning that has
occurred during thermal treatment is required.
3.2. Chemistry in a1 and a2 phases
APT is a sensitive method for investigating details of
morphology and compositions at the near atomic-scale
[21,22]. The extent of the coexisting phases was revealed
by isoconcentration surfaces. The interpenetrating nature
of the a1 phase and the a2 phase is shown in Fig. 2a for
alnico 5–7. Except for some small unassociated regions
on the surface of this volume, this entire volume contains
only two particles. The positions of the Ni atoms are
included to identify the Al–Ni phase. In alnico 8 and 9,
the a1 phase has both coarse- and ﬁne-scale regions, as
shown in Fig. 2b and c. Although the Al–Ni phase is con-
tinuous, the exact morphology of the coarse a1 phase can-
not be established deﬁnitively, i.e. fully isolated cuboidal
particles or some degree of interconnectivity, because the
volume sampled by the APT is too small relative to the lon-
gest dimension of the nanostructure. Fine Cu-enriched rod-
shaped precipitates with either a cylindrical or elliptical
cross-section were also observed in alnico 8 and 9. These
Cu-enriched rods were almost always located between the
corners of adjacent cuboidal a1 phase, and they occupy
4% volume fraction in both alnico 8 and 9.
The isoconcentration surfaces are used to estimate the
average compositions of the three phases, based on the
total number of atoms collected. The results are summa-
rized in Table 2. Partitioning of Fe and Co to the a1 phase,
and Al, Ni, Ti and Cu to the a2 phase, is evident. The a1
phase compositions for alnico 8 and 9 in Table 2 were
obtained from the larger a1 regions. However, there
appears to be a slight size dependence, with the smaller
a1 regions generally having lower Fe and Co content and
higher Al and Ni content. The proximity histograms [23]
indicate that the Cu content of the core of the Cu-enriched
precipitates reaches maximum levels of 41 and 35 at.% Cu
at the centers of the rods in alnico 8 and 9, respectively.
Fig. 3. HAADF STEM images and schematic of a1 phase morphology of diﬀerent alnico alloys: (a) alnico 5–7, transverse; (b) alnico 5–7, longitudinal; (c)
model of a1 phase in alnico 5–7; (d) alnico 8, transverse; (e) alnico 8, longitudinal; (f) model of a1 phase in alnico 8; (g) alnico 9, transverse; (h) alnico 9,
longitudinal; (i) model of a1 phase in alnico 9.
Table 2
Phase compositions of the a1 and a2 phases in alnico 5–7, 8 and 9.
a1 phase (at.%) a2 phase (at.%)
Samples 5–7 8 9 5–7 B2 8 L21 9 L21
Fe 66.76 46.4 50.95 13.9 9.12 12.32
Co 24.52 40.47 35.82 16.42 28.24 26.03
Ni 3.1 7.66 5.26 30.47 24.07 23.14
Al 4.87 4.66 5.56 34.5 23.24 25.04
Cu 0.3 0.3 0.37 4.34 1.59 1.6
Ti 0.45 0.91 0 13.56 10.75
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TEM provides a broader spatial dimension to the APT
data, complementing the detailed chemical analysis.
High-angle-annular-dark-ﬁeld (HAADF) scanning trans-
mission electron microscopy (STEM) imaging, which
emphasizes regions of high atomic number with brighter
contrast because of greater electron scattering to large
detector collection angles [17], clearly diﬀerentiates phase
morphology in alnico alloys. A series of images along the
transverse and longitudinal directions for the three alloys
shows the morphological changes with alloy type. Alnico5–7 shows a “brick-and-mortar-like” structure when
observed along the transverse direction, i.e. looking along
the applied ﬁeld direction (Fig. 3a). The a1 phase is slightly
brighter due to its higher average atomic number. The dark
“mortar” in between is the a2 phase. The a1 phase consists
of irregular elongated blocks when observed along the lon-
gitudinal direction. The elongation was formed during
annealing below the spinodal separation temperature, as
a result of growth bias caused by the applied magnetic ﬁeld
(Fig. 3b). The edges of the a1 bricks are rounded. The
somewhat more rectangular regions in Fig. 3a most likely
arise from regions that are branching, as observed in the
longitudinal micrographs (Fig. 3b). The connectivity
observed in the atom-probe maps for the a1 phase is also
a reﬂection of this branching. The a1 phase is 40–60 nm
in its narrower dimension and 100–300 nm in length,
whereas the a2 phase has a thickness of 5–15 nm. The
relationship of the morphology of the a1 phase is repre-
sented schematically in Fig. 3c.
A marked change in the morphology of the transverse
section and the aspect ratio of the a1 phase is observed in
the alnico 8 and 9 alloys (Fig. 3d–i). HAADF STEM
images of alnico 8 along the transverse direction show a
Fig. 4. Diﬀraction pattern of alnico alloys taken under the [110] zone axis showing (a) B2 ordering in alnico 5–7, and L21 ordering in (b) alnico 8 and (c)
alnico 9.
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“tiles” 35 nm across, which are linked with the Cu-rich
rods. The large bright tiles are the a1 phase, which tend
to be faceted on their {110} planes and less commonly
on the {100} planes. In comparison, alnico 5–7 alloy
shows almost exclusively {100} facets. Cu-rich rods (small
bright dots, 3–5 nm in diameter) are observed at the cor-
ner of two {110} a1 phase facets and in the a2 phase. The
lack of uniformity of the nanostructuring of the spinodal
between grains is quite stark in alnico 8 alloy along the lon-
gitudinal direction and is clearly tied to the mismatch
between the <100> crystallographic axis of the grains
and the applied ﬁeld direction during thermal-magnetic
annealing [24]. Since there are three possible variants of
[100] in a cubic system, the degree to which one of the
three <100> types will be elongated by the applied ﬁeld
was proportional to its correspondence to the applied mag-
netic ﬁeld. This is demonstrated in Fig. 3e where the a1
phase is elongated in two orthogonal <100>, which are
bisected by the applied ﬁeld (see schematic in Fig. 3e).
Detailed analysis of the eﬀect of orientation between a
grain and applied magnetic ﬁeld during annealing on the
spinodal phase morphology showed that the length of a1
phase depends on the magnitude of the projected applied
magnetic ﬁeld on the <100> directions [25,24]. Given that
the grains in alnico 8 are randomly oriented, the a1 rods
inside any given grain have a wide range of lengths from
40 nm to serveral microns. A similar “mosaic” transverse
spinodal morphology, as in alnico 8, was also observed in
alnico 9, as shown in Fig. 3g. Observation of alnico 9 along
the longitudinal direction (Fig. 3h) showed that, in contrast
to alnico 5–7, the a1 precipitates were very long (>400 nm)
and tended to have few orthogonal variants. They gener-
ally had a tapered ends with an aspect ratio >10. Branching
was also commonly observed in the a1 rods. The major dif-
ference between alnico 8 and 9 was the uniformity of the
mosaic nanostructure in the transverse orientation and its
corresponding highly elongated grains along the longitudi-
nal direction in alnico 9 (Fig. 3d–i).
A number of possible intermetallic phases for the a2
matrix phase have been reported [26–28], all of which have
coincident lattices with the a1 phase. Since they have simi-
lar Bravais lattices, tilting the sample to one of the [110]
projections in the TEM is required to diﬀerentiate betweenthe possible space groups [30]. For instance, selected-area
electron diﬀraction (SAED) patterns taken along [110]
zone axis showed that the a2 phase is B2-ordered in alnico
5–7 (Fig. 4a), whereas it is L21 ordered in alnico 8 and 9
(Fig. 4b and c) with the appearance of <111> reﬂections.
HAADF STEM imaging and corresponding energy dis-
persive X-ray spectroscopy (EDS) mapping of alnico 5–7
(transverse) and alnico 9 (transverse) conﬁrmed that the
brighter region in HAADF STEM images is the a1 phase,
whereas the dark region in HAADF STEM images is the
a2 phase, as shown in Fig. 5a, b, d, e. For alnico 9, there
is a Cu-enriched phase at the corner of the a1 rods, coinci-
dent with the region of brightest contrast in Fig. 5d. High-
resolution HAADF STEM images of alnico 5–7 and 9,
taken under the [100] zone axis, are shown in Fig. 5c
and f, respectively. In this mode of atomic-resolution imag-
ing, the positions of the bright dots correspond to the loca-
tion of the atomic columns, while the brightness of these
dots is proportional to the atomic number of the atoms
compromising the column. Alternating contrast of (100)
planes in the a2 phase conﬁrmed chemical ordering of this
intermetallic. Coherent a1/a2 interfaces with an epitaxial
relationship of [100]//[100] were directly observed.
3.4. Micromagnetic domains in alnico alloys
Understanding the relationship between the spinodal
phase assembly morphology and micromagnetic domain
structure is necessary in order to optimize the properties
of alnico alloys by controlling their chemistry and process-
ing. Of particular importance is determining what speciﬁc
nanoscale features are giving rise to the high coercivity.
Since the coercivity in alnico alloys was believed due to
the magnetic shape anisotropy of the elongated a1 phase
[3], observation of the micromagnetic domain structure
was only performed along the longitudinal direction to
minimize the possibility of cutting oﬀ part of the a1 rods
in the thin TEM sample region (thickness < 150 nm). Mic-
romagnetic domain structures inside alnico alloys were
revealed using a combination of Lorentz microscopy and
oﬀ-axis holography.
Lorentz imaging of alnico 5–7 (Fig. 6a) reveals magnetic
domain walls as alternating black and white lines. Stripe-
shaped domains with widths between 100 and 500 nm,
Fig. 5. (a) HAADF STEM image, (b) corresponding EDX elemental mapping (red, Fe–Co; green, Al–Ni–Co) and (c) high-resolution HAADF image of
alnico 5–7 (transverse) taken close to the [100] zone axis. (d) HAADF STEM image, (e) corresponding EDX elemental mapping (red, Fe–Co; green, Al–
Ni; dark blue, Al–Ti–Co; light blue, Cu) and (f) high-resolution HAADF image of alnico 9 (transverse) taken close to the [100] zone axis. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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obtained by mapping the phase gradient of an electron
hologram acquired from alnico 5–7 are shown in Fig. 6b.
The hologram was taken under ﬁeld-free conditions in
the Lorentz mode. The inset is a color wheel which indicatesFig. 6. Lorentz images of alnico 5–7 (a), alnico 8 (c) and alnico 9 (e) along t
images of the micromagnetic domain morphology of alnico 5–7 (b), alnico 8 (d)
indicated by white arrows. Interaction domains are indicated by red circles. (Fo
referred to the web version of this article.)in-plane induction direction as a function of hue [18]. The
green and magenta stripes are the a1 rods. The green rods
indicating in-plane magnetic induction inside are along the
7 o’clock direction, whereas magenta rods have their in-plane
magnetic induction pointing towards the upper right direc-he longitudinal direction. Color induction maps from holographic phase
and alnico 9 (f). The in-plane magnetic induction direction in each alloy is
r interpretation of the references to colour in this ﬁgure legend, the reader is
230 L. Zhou et al. / Acta Materialia 74 (2014) 224–233tion. It is obvious that the a1 rods are single domain. Several
of the a1 rods couple with each other and form 180 micro-
magnetic domains 100–500 nm in size. The domain size
and morphology in alnico 8 was determined from the spin-
odal phase morphology, which is related to the crystallo-
graphic orientation of the grain relative to the applied
external magnetic ﬁeld direction [24]. Lorentz imaging of a
grain in alnico 8 (Fig. 6c) shows a block-shaped micromag-
netic domain structure. In-plane magnetic induction maps
of similar grains (Fig. 6d) indicate that several parallel sin-
gle-domain a1 rods coupled and formed 180 micromagnetic
domains, whereas the orthogonal a1 rods form 90 micro-
magnetic domains. Lorentz imaging of alnico 9 taken from
a grain with its [001] direction aligned with respect to the
applied external magnetic ﬁeld direction shows stripe-shaped
domains as wide as 1 lm, and sereral micrometers long
(Fig. 6e). In-plane magnetic induction maps of similar grains
revealed that several a1 rods coupled and formed 180micro-
magnetic domains (Fig. 6f).
3.5. Movement of micromagnetic domains in an applied
magnetic ﬁeld
The objective lens (OL) in the transmission electron
microscope can generate a magnetic ﬁeld up to 2 T along
the electron beam direction. By tilting the TEM sample to a
ﬁxed position and partially exciting the current of the OL,
an in-plane magnetic ﬁeld can be introduced. The magni-
tude of the ﬁeld is proportional to the OL current, while
the direction of the ﬁeld can be reversed by tilting the sam-
ple to the opposite direction. In this study, in situ magneti-
zation study of the alnico alloys inside the TEM was
performed by tilting the sample to ±30 positions. Consid-
ering the shape anisotropy of the a1 rods, the TEM sample
was loaded with the magnetic ﬁeld applied during anneal-
ing perpendicular to the a tilting axis of the TEM sample
holder, so that the in-plane magnetic ﬁeld created by the
OL will be parallel to the easy axis of the a1 rods. In this
way, domain wall movement was observed and recorded.
Two Lorentz images from the same area of alnico 5–7 with
in-plane external magnetic ﬁelds of 0.88 and 0.95 kG along
the longitudinal direction are shown in Fig. 7. These
images illustrate that when the domain wall moves due to
increasing applied magnetic ﬁeld, it will sweep across oneFig. 7. Lorentz images of alnico 5–7 (longitudinal) with diﬀerent applied
external magnetic ﬁeld within the transmission electron microscope.(red and blue arrows indicated area in Fig. 7) or more a1
rods (yellow arrow indicated area in Fig. 7) and stop at
the a1/a2 phase boundary, which suggests that the a1/a2
phase boundaries may play an important role in determin-
ing the coercivity of the alnico alloys.
4. Discussion
All of the observed alnico alloys decomposed into two
or more coherent phases after thermal treatment but the
details varied considerably from alnico 5–7 to alnico 8
and 9. The composition of the spinodal phases, their mor-
phology and the resulting magnetic properties are all highly
sensitive to variations in chemistry and processing, as dis-
cussed above. The a1 phase in alnico 5–7 has a higher
Fe:Co ratio and a higher phase fraction with {001} type
facets compared with the {110} and {100} faceted a1
phase in alnico 8 and 9. The a2 phase in alnico 5–7 is B2
ordered, whereas it is L21 ordered in alnico 8 and 9. Cu
is distributed uniformly in the a2 phase in alnico 5–7; how-
ever, Cu segregates between the boundaries of the a1 and a2
phases in alnico 8 and 9. One of the major reasons for these
microstructural changes may be attributed to the addition
of Ti [8,12]. The chemical ordering of the a2 phase with B2
structure should be Ni and Co on the (0,0,0) sites and Fe,
Al and Cu on the (½. ½, ½) lattice position in alnico 5–7.
The L21 structure with its three distinct sites is approxi-
mately (Ni, Co)2(Al)(Fe, Ti) in alnico 8 and 9 (Table 1)
[12,29]. The Ni and Co atoms are on the (1=4, 1=4, 1=4) lattice
position. The position of Al and (Fe, Ti) atoms are ordered
on either the (0, 0, 0) or (½. ½, ½) sites, respectively [30].
An illustration of atomic ordering in bcc, B2 and L21 struc-
tures is given in Fig. 8. The diﬀerence between bcc and B2 is
the grouping and ordering of the (Co, Ni) atoms. The dif-
ference between B2 and L21 ordering is that Al atoms are
further separated from (Fe, Ti) atoms.
To investigate the site-ordering eﬀects on the stability,
magnetization, and Curie temperature (TC), paramagnetic
(PM) and ferromagnetic (FM) calculations were performed
for all three major phases in alnico 5–7, 8 and 9. The cor-
responding energies and magnetic moments are listed in
Table 3. Stability at 0 K is characterized by the site-
ordering energy EO (FM state energy diﬀerence between
diﬀerent ordering structures) and TC which is related to
the spin-ordering energy EM (energy diﬀerence betweenFig. 8. Crystal structures of (a) bcc, (b) B2 and (c) L21.
Table 3
Energies and magnetic moments in alnico 5–7, 8 and 9. ENM – ENM (L21) is the non-magnetic state energy (relative to L21 structure). EPM – EFM is the
energy diﬀerence between the paramagnetic and ferromagnetic states for each structure.
ENM–ENM (L21) (meV/atom) EPM–EFM (meV/atom) Moment (lB/atom)
Fe Co Ni Cell
FM PM FM PM FM PM FM
5–7 Fe14.4Co17.5Ni32.5Ti00.0Al35.6
L21 0 20 2.91 2.92 0.87 0 0.19 0 0.62
B2 7 16 2.96 2.97 0.83 0 0.18 0 0.61
bcc 335 28 2.30 2.23 1.34 0.99 0.24 0 0.62
8 Fe10.0Co27.0Ni23.0Ti15.0Al25.0
L21 0 11 2.97 2.99 0.63 0 0.09 0 0.47
B2 44 9 2.98 2.99 0.59 0 0.09 0 0.46
bcc 447 24 2.11 2.02 1.19 0.74 0.16 0 0.52
9 Fe13.4Co26.5Ni23.5Ti11.6Al25.0
L21 0 19 2.94 2.97 0.78 0 0.13 0 0.61
B2 32 15 2.96 2.99 0.75 0 0.13 0 0.60
bcc 373 33 2.19 2.03 1.28 1.08 0.21 0 0.63
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has been described using a disordered local moment picture
[31]. Both site and spin disorder are treated with the coher-
ent potential approximation [31], which was implemented
in Green’s function LMTO-ASA code [32]. In pure bcc
Fe, we obtained a spin ordering energy of EM 0.192 eV.
A rough estimation with the mean-ﬁeld approximation
gives TC = 2/3*EM = 1360 K, which is larger but compara-
ble to the experimental TC = 1043 K. Here we use EM to
qualitatively estimate how TC changes with the site order-
ing. We found that the B2 and L21 ordered structures have
smaller EO and EM than the completely site-disordered bcc
structure, which suggests that site ordering increases stabil-
ity and decreases TC. For FM states, the magnetizations
are 0.62 lB per atom in alnico 5–7 and 9 and 0.46–0.52
lB per atom (depending on degree of ordering) in alnico
8. For all three compositions, Ni atoms are very weakly
or completely non-magnetic in either FM or PM states.
In FM state, Co atoms are less magnetic than in elemental
Co, and its moment becomes even smaller in the completely
spin-disordered PM state. On the other hand, if the a2
phase in alnico were completely site-disordered (bcc), Fe
atoms in this phase would have moments similar to elemen-
tal Fe. With B2 or L21 ordering, the Fe moments become
much larger (2.9 lB per atom). Overall, the site ordering
increases Fe moment and decreases Co moment. Due to
larger Co atom concentrations, the resulting TC is smaller.
While not exhaustive, this analysis shows that any changes
in bulk alloy composition or heat treatment must maintain
the subtle balance in site ordering, whether B2 or L21, with
suﬃcient time to allow for diﬀusion and ordering to occur.
The diﬀerences in the a2 phases between the alnico 5–7
and 8 and 9 alloys is more signiﬁcant than just crystal
structure and chemistry, since these diﬀerences also result
in abrupt changes in the morphology of the a1 phase. This
observation is very important since the coercive force in
these alloys is dependent on their shape anisotropy and
the separation of the magnetic phases [3]. Here we canmake some estimates on the relative contributions of the
structure and chemistry of these phases based on well-
established relationships. An estimate of maximum rema-
nence (Br) based on the volume fraction of a1 phase (q)
and the relative concentration of the Fe + Co in the a1
(CFe+Co) phase is given by:
Br ¼ qCFeþCoMFe;Cos ð1Þ
where q and CFe+Co are measured by TEM cross-sectional
imaging and APT. The intrinsic coercivity (Hci) can be esti-
mated assuming ideal separation of the Fe:Co needles and
their orientation relative to the applied ﬁeld by using the
following Eq. [3]:
HCi ¼ ð1 qÞðNb  NaÞCFeþCoMFe;Cos ð2Þ
where Nb and Na are the demagnetization factors along the
long and short axes. For the long aspect ratio here we used
Nb – Na 0.4 in our calculation based on Ref. [3].
Generalizing the Kondorski mechanism [33] to alnico
alloys, it can be shown that the coercivity, Hci, is propor-
tional to 1/cosh, while Ms is proportional to cosh, the
(BH)max is Ms  Hci and can be approximated for our
samples by:
BHmax ¼ 1
2
HcBr ð3Þ
The calculated Br, Hci and (BH)max based on TEM and
APT measurements are summarized in Table 4. We can see
that the Br of the alnico alloys closely approach what one
would expect based on the size and separation of the a1
phase. Alnico 5–7 has much higher Ms simply due to the
higher volume fraction of the a1 phase and the higher
Fe:Co content of that phase. The lower Ms for alnico 8
and the lack of squareness of the second quadrant of the
magnetization loop reﬂects the more random distribution
of the grains with fewer needles well aligned with respect
to the applied ﬁeld direction. The lower Ms in fact scales
well with the 1/cosh if a random distribution is assumed.
Table 4
Calculated and measured morphology and magnetic property in alnico
alloys.
Samples Alnico 5–7 Alnico 8 Alnico 9
Aspect ratio 5:1 1:1 to 10:1 >10:1
Fraction a1 phase (q) 0.62 0.53 0.53
at.% Fe + Co in a1 (C
FeþCo) 0.92 0.84 0.91
Ms (KG) for bcc based on Fe:Co 23.8 23.8 23.9
Br (kG) Measured 13.5 8.2 10.6
Calculated 13.6 10.6 11.5
Hc (Oe) Measured 740 1860 1500
Calculated 3302 3887 3899
BHmax (MOe) Measured 7.5 5.3 9.0
Calculated 21.1 17.0 21.4
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Eq. (2) and the experimental coercivities is attributed to
two reasons. First, an important aspect of domain wall
nucleation in alnico magnets is the dependence on the
radius (R) of the wires. It has been known since the
1940s that ﬂux-closure, curling or “vortex-likes” spin con-
ﬁgurations aﬀect the nucleation ﬁeld [15,34]. The nucle-
ation ﬁeld is constant (Ms/2), for thin wires (R < Rcoh)
and decreases as 1/R2 for thick wires (R > Rcoh), where
the coherence radius (Rcoh) is 6.4 nm for Fe63Co35 [35].
Since the a1 phase in alnico alloys is typically much thicker
than 2Rcoh = 12.8 nm, its nucleation ﬁeld will be much
smaller than the simple model used in our calculation.
The second reason, and another interesting aspect of
alnico, is the occurrence of interacting domains. The mag-
netic needles in alnico are not always separated, but occa-
sionally interconnect due to branching, as shown in Fig. 4.
For longer and wider a1 rods, the greater is the possibility
they will have branches, as shown in alnico 5–7 and 9.
Without exchange-bridges, the predominant interaction
between the wires is antiparallel or “antiferromagnetic”
via magnetic poles at the ends of the needles. However,
the bridges create a parallel or “ferromagnetic” coupling
between wires, and the coupling energy is equal to the
energy of the domain walls in the bridges. The correspond-
ing domain-wall energy cannot be estimated from the usual
expression c = 4(AK1)
1/2, because the anisotropy constant
K1 is approximately zero for soft magnets [15,34]. In fact,
the domain-wall energy is determined magnetostatically,
by the pole distribution near the wall, and is approximately
equal to loMs
2R3 [15,34]. On the other hand, the competing
magnetostatic interactions between the poles at the wire
ends yield an energy contribution scaling as loMs
2R3(R/D),
where D is the center-to-center distance [15,34]. This means
the parallel coupling via the exchange-bridges will predomi-
nate the competition, though not by a big margin, and
enable the formation of interacting domains via the percola-
tion of exchange bridges. This theoretical ﬁnding is con-
ﬁrmed by our experiment. In situ Lorentz microscopy
shows that some of these regions ﬂip in concert, which sug-
gests that these branching segments act as short circuits to
domain rotation and allow for a cascading domain reversalat lower applied ﬁelds. The role of the Cu-rich phase in
alnico 8 and 9, apart from its role in possibly assisting in ele-
mental partitioning during annealing and subsequent phase
separation, appears to act as an additional spacer. The
higher Hci in alnico 8 would in turn suggest that orientation
does play a role in this material.
If the diameter and branching of a1 rods can be
decreased by modiﬁcations of process conditions and
chemistry of alnico 9, we expect that alnico 9 should be
able to achieve a BHmax of 20 MOe. Given the very small
temperature dependence of the magnetic properties of
alnico, this would provide a higher-energy product for
magnets operating at elevated temperatures, comparable
to both Dy-added Nd–Fe–B and Sm–Co-based permanent
magnets.
5. Conclusions
Three representative commercial-grade alnico alloys
with nanostructured spinodal decomposed phases were
characterized by advanced atomic-scale techniques, includ-
ing APT and TEM. Comparison between alnico 5–7, 8 and
9 showed that the spinodal phase assembly is very sensitive
to alloy chemistry and processing conditions employed.
The spinodal phase assembly has a “brick-and-mortar”
structure in alnico 5–7 and a “mosaic structure” in alnico
8 and 9. The a1 phase is faceted on the {100} planes in
alnico 5–7, but on the {110} and {100} planes in alnico
8 and 9. Addition of Ti transferred the a2 phase from B2-
ordered structure in alnico 5–7 into L21-ordered structure
in alnico 8 and 9. Cu was pushed out of the a2 phase and
resides at corners of two <110> facets of the a1 phase in
alnico 8 and 9. The saturation magnetization can be pre-
dicted by the a1 phase volume ratio, but prediction of coer-
civity is more complex, which is attributed to the large a1
rod diameter and interaction domains. Reducing the spa-
tial dimensions of the a1 phase appears to be the most
promising route to increasing the coercivity of alnico
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